Abstract
Introduction
Reaction between aluminum and water takes place in many explosive and propulsion systems. Aluminum and water have been suggested as propellants for space propulsion [1] and underwater propulsion applications [2] . A lot of attention has been drawn to aluminum-water propellant systems for space exploration and they have been investigated by scientists and researchers for a number of years. In addition to high energyrelease rate of aluminum-water mixtures, the propellant combination and their combustion products are non-toxic and environmentally friendly [1] . Hence, they have been proposed as a replacement for hydrazine in satellites and spacecrafts [3] . Furthermore, the low cost and simplicity of aluminum-water propellants make them suitable as in-situ propellants for lunar and Mars missions [4] . Nano-sized particles show different physical, chemical, electrical, optical and combustion properties compared to larger particles of the same material. The surface-to-volume ratio of nano-sized particles may increase to such an extent that could change the bulk properties of materials, for example, nanosized aluminum particles can increase the propellant burningrate as much as 5-10 times compared to regular aluminum particles. In addition, using nano-sized aluminum particles results in short burning times and low ignition temperatures [5] . As the particle size approaches the nano-scale, most of its properties become size-dependant. Some theoretical models have been developed to study the effect of aluminum particle size on ignition temperature [6, 7] . However, the proposed models were not consistent with experimental results. Diwan et al. [8] investigated the effect of metal particle size on the velocity of combustion wave propagation in magnesium-water mixtures experimentally and analytically. Temperature profile of the combustion wave and dependence of the front velocity on the magnesium particle diameter were determined.
Experimental studies have been conducted to characterize the combustion of aluminum particles at nano-and micro-scales with water [9] [10] [11] [12] [13] . Also, several numerical and analytical models have been developed to get a better understanding of this process [14] [15] [16] . Sippel et al. [9] studied combustion efficiency of nano-sized Chemical Engineering aluminum particles and ice mixtures. The particle size was 80 nm and the experiments were performed with equivalence ratios of 1, 0.75 and 0.67. The results demonstrated that the lower the equivalence ratio, the higher the combustion efficiency. Shmelev and Finyakov [10] investigated the combustion of micronsized aluminum particles and water under various experimental conditions. The pressure component in the burning rate law was determined in nitrogen and argon atmospheres. Risha et al. [17, 18] performed experiments to examine the effect of pressure, mixture composition and particle size on mass burning rates of quasi-homogeneous mixtures of nano-aluminum (38~130nm) and water. It was observed that the burning rate increased as the particle size decreased. Sung & Shin [19] developed a theoretical model to study premixed combustion characteristics of nano-aluminum and water mixtures. The authors calculated the temperature and flame speed distribution taking into account the effects of particle size as well as initial pressure and temperature. Sundaram et al. [15, 16] established a numerical model to predict the flame propagation speed and energy-release profile of nano-sized aluminum and liquid water mixtures. A direct relationship between the particle size and flame thickness was found. In contrast, the flame thickness decreased with increased pressure.
As mentioned before, different models have been developed to study the combustion of aluminum particles with water. However, the effect of thermophoresis on combustion of nanoand micron-sized particles has not been taken into account in previous models. The aim of the present study is to evaluate the importance of this effect on combustion behavior of nano-sized aluminum particles and liquid water mixtures. To this aim, the flame structure was divided into three zones: liquid water zone, preheat zone and reaction zone. The governing conservation equations were solved numerically and some parameters were modeled as black box. For example the chemical kinetics of dust combustion determine the burning time of particle which is a function of oxygen concentration, environmental temperature, particle diameter and etc. The flame propagation speed was calculated and the modeling results were validated using experimental data of Risha et al. [17, 18] .
Thermal Model 2.1 Thermophoresis
The particle motion induced by thermal gradients is called thermophoresis. The presence of temperature gradient in the particulate system imposes thermophoretic force on the particles, which leads to faster dispersion of particles in hotter regions than colder regions. As a result of this differential dispersion, the particles migrate toward the colder regions of the flow domain, and consequently they will be accumulated in the colder regions of the particulate system [20] .
In general, the effect of thermophoresis on the motion of spherical particles is expressed in terms of the steady-state thermophoretic velocity, which can be calculated as follows [21] :
Where μ is the dynamic viscosity coefficient of the mixture, ρ is the density of the mixture, ÑT is the temperature gradient, T u is the unburned mixture temperature, and K tp is the coefficient function of the thermophoretic velocity. The function K tp depends on the properties of the fluid and the solid particles and Knudsen number, Kn, which is defined as the ratio of the mean free path of the molecules, λ', to the nanoparticle diameter, d p [20] :
Several expressions for function K tp have been proposed. The following expression that has been recommended by Talbot et al. [22] is used in this study. In which λ is the mixture thermal conductivity, λ p is the thermal conductivity coefficient of the particle, C s , C m and C t are constant coefficient and their recommended values are 1.17, 1.14 and 2.18 respectively, and C c is the slip correction factor and is calculated by Eq. (4):
Where the following parameters A 1 = 1.257, A 2 = 0.40 and A 3 = 0.55 are often used [23] .
The nanoparticle mass flux due to thermophoretic effects is described by Eq. (5):
Where D T is the thermal diffusion coefficient and is defined as:
In which Y S is the nanoparticle mass fraction.
Conservation equations
The mass conservation equation for the nanoparticles takes the following form [24] :
Where Y S represents the nanoparticle mass fraction and V is the mixture velocity. Considering that the particle thermal relaxation time is much smaller than the flow residence time in the flame zone,  ω represents the reaction rate as follows [16] :
In which for τ b as the burning time of nanoparticles that burn under kinetically controlled conditions, d 0.3 law has been applied, which is defined by the following equation [15] :
In which C 2 = 8.72105, E b = 73.6 kJ/mol, d is the particle diameter in µm, R is the universal gas constant and X eff is the effective oxidizer mole fraction which includes the concentration of O 2 , CO 2 and H 2 O as follows:
. , Substitution of Eq. (5) into Eq. (7) results in:
The energy conservation equation for the mixture is described by Eq. (12) [24] :
Where c is the mixture specific heat, T is the mixture temperature, q represents the heat flux vector and is calculated by Eq. (13) [24] , h p = c p,s T is the nanoparticle specific enthalpy, c p,s is the nanoparticle specific heat and Q is the heat release per unit mass of the fuel. 
,�  Substituting Eq. (5) into Eq. (12), the energy conservation equation can be written as:
Eq. (11) and (15) form the governing equations of the system that can be solved simultaneously for Y s and T to find the nanoparticle mass fraction and temperature distribution in the fluid domain.
Model assumptions and solution procedure
In this study, the model has been developed assuming that: 1) Particles are spherical and have the same size.
2) The coordinate system is attached to the propagating flame.
3) The flame is planar.
4) The pressure is constant. 5) Gravitational effects and heat transfer by radiation are neglected.
To model the flame propagation in a chemically reacting system consisting of nano-sized aluminum particles and liquid water, the governing conservation equations are solved for a one dimensional steady state problem. Therefore, Eq. (11) and (15) are simplified to:
To obtain the flame propagation speed, the flame structure is divided into three zones: liquid water zone, preheat zone, and reaction zone. The following assumptions are considered in each zone:
Where T ∞ is the initial temperature of the mixture and T v is the water boiling temperature, and in this zone, reaction between metal and liquid water does not occur.
Preheat zone (-ℓ < x < 0, T v < T <T ig ):
Where ℓ is the preheat zone thickness and T ig is the ignition temperature of the nano-aluminum particles. No reaction occurred in this region. Reaction zone (0 < x < + ∞ , T ig < T < T ad ): Where T ad is adiabatic flame temperature. The combustion reaction between nano-sized aluminum particles and water occurs only in this zone. Figure 1 shows the flame structure of nano-aluminum and water mixture as mentioned above.
Boundary conditions
The boundary and interfacial conditions applied to solve Eq. (16) and (17) Where Y S,u represents the unburned particle mass fraction, Φ represents the particle volume fraction, ρ H2O is the density of the liquid water, λ I , λ II , λ III are thermal conductivity coefficients of the nanoparticle in liquid water zone, preheat zone and reaction zone respectively, S L is the laminar flame speed and Q v is the heat of water vaporization. In which ρ u is the density of the unburned nanoparticle. Substitution of the normalized variables defined in Eq. (24) and (25) into Eq. (16) and (17) results in the dimensionless mass and energy conservation equations as follows:
The dimensionless governing equations along with the dimensionless boundary and interfacial conditions for each zone are summarized as follows:
Liquid water zone: 
Thermophysical properties of the mixture
In this section, the expressions applied to calculate thermophyscial properties of the mixture are described. The density of the nanoparticles and base fluid are used to calculate the density of the mixture as below:
Where Φ is the particle volume fraction and ρ p and ρ f represent the density of nanoparticles and base fluid respectively. The mixture specific heat is described by Eq. (44) assuming that the nanoparticles and base fluid are in thermal equilibrium.
There are a lot of parameters influencing the viscosity of a mixture including nanoparticles [25] . However, an accurate theoretical formula that can predict the mixture viscosity is not currently available. The following expression suggested by De Bruijn [26] is applied in this study.
In which μ f is the dynamic viscosity coefficient of the base fluid. The thermal conductivity of spherical particles, λ e randomly dissipated in a continuous medium has been modelled by Maxwell [27] as below:
Where λ s and λ g represent the thermal conductivity of the discrete and continuous phases respectively and φ S is the volume fraction of the discrete phase. This model can only be applied when the volume fraction of the discrete phase is low.
Results and discussion
The governing conservation equations of the system were solved numerically using a finite difference method. Using dimensionless parameters, the effect of the particle diameter, the equivalence ratio, and the initial mixture temperature were analyzed as well. Figure 2 shows the effect of thermophoresis on the laminar flame speed for a stoichiometric mixture at various particle diameters and pressure of 3 MPa in which experimental data were available for validation. The model predicts that the flame speed increases taking into account the effect of thermophoresis. In addition, the thermophoretic effect decreases as the particle size increases and it becomes negligible at micro-scales. Also, the flame propagation speed increases with decreased particle size which can be attributed to the increase in specific area of particles and consequently the decrease in particle burning time. It is also in agreement with literature reports [28] .
The experimental data of Risha et al. [17, 18] were used to validate the model. As shown in Fig. 2 , both modeling and experimental results show that the laminar flame speed increases as the particle size decreases and the predicted results are in reasonable agreement with the experimental data for the laminar flame speed. From Figure 2 one can conclude that the results obtained from this model taking into account the effect of thermophoresis show better agreement with the experimental data in comparison with the case without considering the thermophoresis. Figure 3 illustrates the variation of the laminar flame speed with equivalence ratio at a pressure of 3 MPa and initial mixture temperature of 20 ºC for 10 nm particles. The modeling results reveal that the flame speed increases as the equivalence ratio increases from 0.87 to 1. The effect of the initial temperature of the mixture on the flame propagation speed is demonstrated in Fig. 4 . The model indicates that the initial temperature of the mixture has a direct effect on the flame speed. As it can be seen in this figure, at higher initial temperature of the mixture, the effect of thermophoresis on the flame propagation speed becomes less significant. The effect of thermophoresis on the temperature profile of nano-aluminum and water mixtures at a pressure of 3 MPa and initial mixture temperature of 20 ºC for 10 nm particles is demonstrated in Fig. 5 . As it is clear, although the effects of thermophoresis is negligible in liquid water and preheat zones, it cannot be ignored in reaction zone and temperature increases taking into account the effect of thermophoresis. As it can be seen in this figure, the difference between the values of final temperature for two states, with and without consideration of thermophoresis effect, is about 300 K. Fig. 5 The effect of thermophoresis on the temperature profile of nanoaluminum and water mixtures Figure 6 illustrates the temperature profile of nano-aluminum and water mixture with considering the thermophoresis effect at equivalence ratios of 0.9 and 1 (stoichiometric concentration). The particle diameter, initial mixture temperature and pressure are 10 nm, 20 ºC and 3 MPa, respectively. As it can be seen in this figure, the effect of equivalence ratio in liquid water and preheat zones is negligible, but it cannot be ignored in reaction zone and the final temperature has higher value for the stoichiometric concentration (φ =1). 
Conclusions
The effect of thermophoresis on the flame propagation speed of the nano-aluminum and water mixtures was studied theoretically. A numerical model was developed based on the mass and energy conservation equations. The laminar flame speed was calculated as a function of the aluminum particle size, the equivalence ratio and the initial mixture temperature.
